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ABSTRACT 

One  hundred  twenty-seven  landslide,  soil,  and  sedimentary  rock  samples 
from  the  Coast  Ranges  of  California  were  analyzed  for  clay  mineralogy, 
shear  strength,  plasticity,  and  clay  content  to  relate  these  parameters  to  the 
stability  of  slopes.  The  plasticity  index  was  directly  related  to  smectite 
content  (beidellite  and  montmorillonite)  in  the  samples  (r  =  0.77).  Other 
measures  of  cohesion,  such  as  the  steepness  of  water  content  versus  shear 
strength  curves,  were  also  related  to  soil  expansion  and  smectite  content. 
Sixty-six  samples  known  to  represent  landslides  had  widely  ranging  physical 
properties,  none  of  which  could  be  used  to  distinguish  them  from  samples 
from  stable  slopes.  Ninety  percent  of  the  landslides  had  smectite,  which  was 
particularly  abundant  in  60  percent  of  them.  Although  five  landslide  samples 
were  void  of  smectite,  they  contained  vermiculite,  the  other  expanding  clay 
mineral.  Traces  of  nonexpanding  clay  minerals,  mica  and  chlorite,  were  found 
in  over  two-thirds  of  the  landslides.  Kaolinite,  however,  was  not  found  in  60 
percent  of  the  landslides.  Slopes  containing  smectite-free  kaolinite  appeared 
to  be  stable.  These  were  represented  by  Tertiary  mudstone  on  the  west  side 
of  the  San  Andreas  fault. 
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CLAY  MINERALOGY  AND  SLOPE  STABILITY 


By  GLENN  A.  BORCHARDT1 


INTRODUCTION 

Cost  estimates  of  damage  from  landslides  average  over 
$300  million  each  year  in  California  (Alfors  and  others, 
1973).  In  an  effort  to  avoid  some  of  this  damage,  the 
California  Division  of  Mines  and  Geology  is  preparing 
geology  and  slope  stability  maps  for  rapidly  urbanizing 
areas  of  the  state.  Geologists  working  in  this  program  have 
collected  numerous  soil  and  sedimentary  rock  samples 
that  represent  both  stable  and  unstable  formations  in  the 
Coast  Ranges.  These  samples  were  analyzed  for  shear 
strength,  plasticity,  and  particle-size  distribution  as  a  sup- 
plement to  the  field  work.  The  data  give  a  general  idea  of 
the  physical  properties  of  the  soils  and  enable  us  to  com- 
pare those  properties  with  the  clay  mineral  contents  deter- 
mined by  x-ray  diffraction.  Certain  of  these  clay  minerals, 
namely,  smectites  (formerly  the  montmorillonite  group) , 
are  primarily  responsible  for  high  plasticity,  adsorption  of 
great  quantities  of  water,  slow  drainage,  and  subsequent 
loss  of  shear  strength  in  unstable  soils.  Consequently, 
those  geologic  formations  containing,  or  weathering  to, 
smectite  must  receive  special  attention  when  preparing 
slope  stability  maps. 

ACKNOWLEDGMENTS 

This  study  would  not  have  been  possible  without  the 
help  of  the  following  Division  geologists  who  contributed 
samples  and  advice  concerning  landslides:  C.F.  Arm- 
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Huffman,  R.D.  Knox,  R.V.  Miller,  P.K.  Morton,  S.J. 
Rice,  and  T.H.  Rogers.  Laboratory  personnel  involved  in 
the  analysis  of  samples  were:  H.H.  Majmundar,  E.W.  De- 
neau,  Lydia  Lofgren,  C.B.  Smith,  S.S.  Tsuchiya,  Bill 
Wong,  Audrey  Dere,  John  Hui,  Dennis  Lee,  and  Bryan 
Tarn.  The  help  of  D.A.  Rodgers  concerning  computer 
applications  is  also  appreciated. 

MATERIALS 

One  hundred  twenty-seven  samples  from  soils  and  sedi- 
mentary rocks  (table  1 )  were  collected  by  Division  geolo- 
gists to  determine  soil  and  slope  stability  (Huffman,  1972; 
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Huffman  and  others,  1973;  Rogers  and  Armstrong,  1973; 
Bishop  and  others  1973;  Rice,  1973).  Many  of  these  sam- 
ples were  taken  from  the  headwall  (for  example,  no.  21/ 
73),  toe  (19/73),  or  slide  plane  (516/72)  of  recently  ac- 
tive landslides.  Others  represent  unstable  rock  (574/72) 
or  unstable  soils  (520/72)  formed  from  otherwise  stable 
rock.  Also  included  are  samples  of  fault  gouge  (552/72), 
alluvium  (574/72),  and  generally  stable  formations  (534/ 
72) .  The  samples  are  all  relatively  unconsolidated  materi- 
al, and  as  expected  for  samples  of  diverse  origin,  the  clay 
contents  and  physical  properties  vary  widely.  In  some 
respects,  the  samples  could  be  considered  representative  of 
surficial  materials  that  the  geologists  thought  important 
for  understanding  slope  stability  in  the  region. 


METHODS 

The  tests  described  are  used  to  determine  the  physical 
properties  that  affect  soil  stability  (Borchardt,  1977b). 
Moisture  changes  and  their  effect  upon  shear  strength  are 
of  primary  importance  for  landslide  studies.  Other  factors 
such  as  the  percentage  of  clay,  liquid  limit,  plasticity  in- 
dex, and  clay  mineralogy  can  help  determine  the  type  of 
soil  stability  problem  likely  to  occur.  Most  landslides  ex- 
hibit properties  intermediate  between  two  extreme  types: 
cohesive  slides  and  noncohesive  slides. 

Cohesive  slides  generally  occur  in  clayey  materials  after 
long  periods  of  rainfall.  This  is  because  the  shear  strength 
decreases  slowly  with  large  increases  in  water  content 
aided  by  extremely  slow  drainage.  Liquid  limits  and  plas- 
ticity indices  of  cohesive  slides  are  high. 

Noncohesive  slides  occur  in  coarse,  sandy  materials 
during  short  periods  of  intense  rainfall.  This  is  because  the 
shear  strength  decreases  rapidly  with  only  slight  increases 
in  water  content  even  though  drainage  is  normally  rapid. 
Liquid  limits  and  plasticity  indices  of  these  soils  are  usu- 
ally low. 

Particle-Size  Distribution 

The  particle-size  distribution  was  determined  with  the 
hydrometer  method  (Day,  1965)  by  using  sodium 
metasilicate  instead  of  calgon.  The  samples  were  dispersed 


California  Division  of  Mines  and  Geology 


SR  133 


LU 

7 

Q 

i-i 

3 

E 

H- 

t-i 

O 

z 

• 

CO 

u> 

_J 

UJ 

c 

O  t-i 


CM  >o  >o  <o  <<" 


<frvjroi«rrifOfOeofvj>t'or>03h"f>-<\ifviOooLr\i-i^cNJCOi-iir\lfc-r*-h-'t>*- 

M   vj-    >T  »J-    "J-    CO    >-i   r<"l    st    ^   ' —  0~*C\lr-fw4—l-*r**-l 


I*-  f>  f-  f«-  f»  f»»  *> 


CM  CM       § 

c 
o 


MNNIV^MNIViOHHOOOOOCOtOOCOOOOON^^ONMIMN^M^NNNNNrjMVj     JjJ, 

^^pJCMfMCMCM^fMruf\jr\j<\icMCMfMCMCMiMCMfMr\je\j<\jrMrMfM^r—  r—  <\ji\j<\itM'M'M<,v'<NCMrM<MCMrMCM(\ic\j 


orvji\(^vifvoo(\jrn(»-o>^oD(*'00«oinrkaiooou^<\ii-^<<5«-'Oc\iLnO',^'<>'Ti<NJ<>J 


rooooooo«*-en 


iA(f>ir>iA       <-t^(\i(Tifri«\i<Mf\<(^i-i^(\j<\i<M(\i>3-vj-ro»tm»-<(\iLr>csl       w\  \r\  s\  &  r\  i."i  s\  ir\  in  \r\  u~\  &\  \r\  ~4  r* 
CDr*^P»f^«o^l^u^if>inifiu^iri(nvriiriinu^u>u^iriiPu^ir\J>ir>rn<M'* 


ooooopooo 

aaao.Q.a.aaa. 

COoOOOOOOOOOOOoOCO 

<r  <•  <  <  <t 

Khl-hK 

< 

<ar.  cnanfficocnmrEco 

co  co  co  co  co 

a 

arOOOOOOOOO 

a  o  o  a  o 

<• 

< 

o  o  o  o  u 

_j 

_icoooo*cooooooocooo 

o 

(J    »-^    »— <    »— t    «— 1    t— 1    •— •    1— «    H^    1— « 

<  <  <  <  < 

< 

D:DD_j_j7>_j_j:j 

of  of  ac  cr  of. 

J. 

< 

<_i_j_j_j_j_j_j_j_j 

K-  h-  H-  »-  t- 

o 

t- 

p— 

2  Z  2  Z  5? 

2: 

Z 

Z22222ZZZZ 

o  o  o  o  c 

n 

< 

<<<<<■<<<<< 

u  u  o  u  o 

o^ 

(/J 

W'WM^(/)(/)U11/)(/1Ul 

oooooooooo 

(II  a  i  i  a.  a  o.  o.  a.  a 
cooooooo«/>cooooooooo 


mfflcococtijjcpmtncD 

oonooonooo 

CO  00  CO  </)  00  CO  V".  00  CO  00 

HHHHHMHHMH 

pqr>_j-jr>or>-j:o 


o 

a. 

O  co  co 

o  o 

o       co  o  o 

oj  lu<  3  <  <r 
O  ^  S  -J  <*  <* 


2Z222Z222i: 

co  ci  co  co  co  co  c;  co  co  cr, 


<  ^  t  2  2  2 

a  co  >>  c  u  u 


»->-l-t-t-»-KHHHl-<< 
loo^oocooooooooocoooooofof 
oooar:oooooo«i< 

CJOOOUOOOCJUO— l-J 

o  o 
ofafacafofii.afafafafof<< 

l-C-H-h-h-h-KH-HH-t-o-K 
ZZ22Z22Z2ZZ2-C 

ooonooncc!Oo<< 

UOU<JOOUUcJUUv/>oO 


X 

o 

•    • 

V 

ooi;  j  j  jj  j  jko 
aata  j5dd5som 

* 

CO  o 

CO  CO  *f 

CO 

cc 

UJ  > 

2  O 

UJ    LU     LU 

2          *. 

< 

COOOOLScOO        J 

* 

UJ  UJ 

<  -*  Q 

k  a  uj 

UJ  *  UJ 

a  vf 

v^vir                                     •  co 

V  >-  >  V             ai 

*r  of  -J 

-J  a  -j 

Of 

O  UJ  UJ         UJ               h- 

UJ 

oiuj<<ujujujujujujuii.9 

lu  uj  ai  uj  y  o  ^ 

UJ    U    J 

uj  z  -5 

* 

*:  *  yr  u 

of  uj  of  *  K              < 

•  UJ 

UJUjOC52ZZ2222a2 

j  j  j  Jiu<a 

UJ          < 

* 

3  <  < 

OJ 

UJ  UJ  UJ 

<«UUJZU^J 
O  <_>         UJ  JJ  2  IS  u. 

O  Of 

ofaf           <<<<<<<coof 

JJJJUOO 

of  >—  > 

*  U 

zjr 

UJ 

UJ  UJ  UJ  > 

UJ  CJ 

UOOOJ_J_J-J-J_J_J        < 

h  <  <  <  <   Of  0£ 

O  2 

UJ  o 

<  __  o 

Of 

of  of  of  Q 
o  o  <_>  2 

2cc  rwo 

Of 

_l   «J                                                  CO  CD 

»"->>>>  O         CO 

l-«  >- 

CO 

uj  of 

rTa 

u 

>-uj<0'jja:Q.o 

►- 

f-t—afio~ujujujujujujujco 

UJ                         >-  z 

3:  _i  2  O 

cc 

o 

< 

uj  r  3       _J  °-       of 

2  < 

<<<<ofofofofofoforujof 

^ararrs->ocaj 

n  <  a 

O 

U   OJ 

<  <  o 

O 

o  o  a  to  > 

j<otu</,Suj 
»-  _i      o       s:  o  D 

►HCZOZZi^O 

UJ  (_> 

OoO-O    3D2DDDno;uj 

uujuJiuuj<of> 

jujt 

r> 

_i 

1-  -1  Of 

2  _i  a: 

<y 

of  of  of 

< 

D  O 

OO                 0000CO!/»C00Ot/)(J>_J 

ClUUIUJUjJlIlL 

_J   CO   Of 

V 

a  < 

at 

of  a:  of  us 

*: 

-J  -I 

j_j22*-'i-««-«*-'i-i»H(-(ZK 

0CXXIIODH 

*-•  1-1  < 

< 

_j  I 

<  <  uj 

O 

???£ 

UIKk<<h< 

M   M 

HH<<UJUlUldlulUJUJ02 

OoCCCKOfKOW 

3f  u.  X 

o 

a  jr 

>/>  s:  u 

s: 

x 

3rucou.coQ.Qf> 

K  jr 

3cjtc0cO_j_j_(_i-i_)_ju< 

I      I 

OOOOOH«WHHl-li-Hl-l(MfgCJ|O^OiJi«vf<t^HHMNAi.\NNfO>tin 

OOOOOOOOOOOOOOOOOooOr-<^-H^OOOOOOOOOOO 
UOUOOOUUOOUOUUOUUooUl      I      I      ICOO-CTfOCCCDcCifrflDCDOO 

rvjrgf\jrj(NjQLVKrg(vj^c*j(\jfM^rsj<vjr^^j^j^c\i^^<vjf\jrsicvjc\jc^rNjouoo^J'vi^ 

NN,*«»r~f>-cocncoNt^r-(»-f«.Kf»-fw^.(*»f>»(^^(<^(«»f».r-r,'N'l*"r~-r~-f»HK(—  t—  r-r-f^fx-^^-^r^r-^^ 


OOOOO  -H--4OO0 

OoOOOr-i|     looo 
coeroeoffl    i   ocuouo 


a 

UJ 

_J 

J    UJ    OJ    'JJ 

sf 

-J 

l>H 

►h  2  2  2 

oJ 

< 

n 

OmHh 

. 1  _J  — 1  — I » 

CO 

X 

u-> 

co  K  1-  K 

UUUUU   JJ 

»— 

CO 

2  2  2 

a 

jj 

UJ 

UJ 

• 

•   UJ    uJ   UJ 

CO  CO  CO  CO   CO  <-i 

J   UUJ 

_j 

-J 

_J 

•  u_ 

n 

o   a  a   a. 

c  a  o  <r>  o  -J 

»-.  _J  _J 

< 

< 

< 

t-  U. 

or- 

of  of  of  oc 

«/>  co  co  i/i  co  co 

O  <  < 

T 

T 

T 

2  t) 

UJ 

UJ  UJ  UJ  UJ 

a  n  n  n  n 

UJ 

i  u 

co  T  X 

CO 

i^ 

CO 

uj  K 

CO 

CO  CO   CO  CO 

V 

_j 

_J 

CO   t/0 

m 

CO   CO   CO    CO    CO    < 

<r 

< 

•X 

LL 

U. 

LL 

a 

a 

LL    U-    U_    LL 

a  n  o  o  n  _» 

T 

T 

-5  3  3 

~> 

-) 

-o 

s:  > 

-I 

~5   -)    "J    ~> 

»J  -J  _»  _J  -J  o 

CO 

c-i 

V  ->f  >^ 

^f 

^ 

V 

T-  T 

V 

^y  y  if 

O  if  *.  o 

o  u  u  co 

Of  -J  o  o 

O  "H    Of     Cf    J 

UJ  c  o  o  o 

on  co  uj  uj  of 

oo  m  »- 

_J  _J              2 

>-  r  o.  o.  o 

a  a.  o  a  i ) 


oi  •             •  >-  >- 

2  ST      .     .  C  <  < 

<-•  u.  2:  oo  uj  _/  _j 

K  U.  13  CO  CJ  O 

2  o      s 

UJ2^         uj  UJ  JJ 

a  <  U-i  2:  z  o  o 

a  oc  a  ll  uj  h  in 

UJ  >—   Q-           O  -J   -J 

co  co  co  -r  o  co  co 

U.  Q.  fj  z  "i  2  2 

->  <  =t  n  -J  <  < 

^  u  c^.  cc  n  -J  -1 


>  > 

<  < 

j  _j 

LJ  o 

Uj  uj 

uj  uj  — t  -J 

o  n  <  < 

1-1  >-i  X  X 

_i  _j  co  co 

co  co 

O  O  >  > 

z  2  <  <r 

<  <  _j  _) 
-1  _)  u  o 


>-  V  V  >-  V 

<  <  <  <  < 

_J  _J  _J  _l  _/ 

o  u  o  u  o 

a  a  a  a  a 

— 1  _j 1  _j t 

ro  on  on  en  a"' 


< 

JJ  _l 

>-  v  a  o 

<    <    HH 

_J  _J  CO   uJ 
O  O  Q  Q 

2  W 

n  o  <  -J 

_» _J  -J  CO 

co  co      a 
<  <  a  z 


rjonr.  ocno-i 


(N  r>j  «v 
r~  n  r- 
v  \  v 

•-•  fM  <*\ 
OOO 
<M  fvj  <V 


<M  nj  i\j  fvj  r\j  (M  <\i  Cn(  rj  rvj  <\j  pg  0.1  r>)  (\J  cj  f^j  M  CM  (M  »M  (M  rj  fsj  <M 

OOOOOH-Mrt^HHH^NrgiMNMiNlruMd'Or'lmn 

\'  .\(  n  n  n  4   t  <t  -t  't  >t  >t  «r  -t  «t   r  -t  ^  j-    f  st  -J"  >r  >r  4-  ■*  "* 


*****  ********* 

<"g  fvj  ^  <\l  C-J  OJ  r-j  IN.  cm  <\)  <\j  r\l  M  M  r>J  (M 

inH(\jrt^oMO-rg(o>tin^ioo 
o>0>0>o>or>-v«'n<non(r»o    Oi-< 

-t    -J"    t   ^   >t   >T   >t    -t    *    *    .t  ^    *   ^   ||>   'fl 


1977 


Clay  Mineralogy  and  Slope  Stability 


UJ  Z 


O 
z    • 

□  o 


UJ  2 


<  c 

_J  uj 

o 


Z 

s 


z 
o 


< 

8 


a 

Z 


< 

H 

or 


< 
Z 

U. 
O 

UJ 

Z 

< 

-D     Z 

I 

O       • 

-li  O 

Z 


3   5 


i^l^ojairn.H^teoOiVh-r-ininG^cT'ft^r^oicoin.ornrno^*" 
•   •••••••••••••••••••••••••• 

ojoj^^^ror^^^OOvO^iOrriro^^roj^viOincnojcsiin 


ro  (m  m  m 


^■(^(oimonrnh-inrvjmfOorifvjc-^JrofOiri" 
.*— i~j^o-r-ouoa>r— loj-j-i-iaojojr-    , 
§    •    •     •    •    •    •    •    •••••    #    •    •    §    •    -j 

^0>(>^>fl<HH^N(\JO>t'tCIO^'0'0      C 


rsiojojojojo40jojojojojojojojojojiw.^rH^rnfrirrorofonoji\ipjojojojH^ 
Cvioiojojojojojojojoj<\ioji\iojojojn.ojojojojojojojojojojojnjojojojojo:Ojojojojojojojn^ 


i    . i      ■*  .     a.     Jk.  i    1^.       /-\     .a.       i"i     r-\     r**     m     i     /"-i     .«     /■».     .m     .n     J*^ 


o-  o  -o  in  r-  ^-  r» 


ftfti^^^.^.^oj^.^.^i^ojojft.^Nfr.^uoinojojojojojoji^i^ojojOj^fnirirO'^ojoj 


Nf^'O^xi^cooorjgjoooooooaJODOOoDaioC'ODOJoooocooajoooDooaoos 


<  < 

<  <  < 

<  <  < 

or  or 

or  or  or 

or  a-  or  tsi 

<  < 

<  <  < 

<  <  <  rD 

-i  -J 

-J  -J  -J 

-J  _J  _J  at 

u  o 

o  o  o 

u  o  u  o 

<  < 

<  <  < 

<  <  <  < 

If  t- 

K  h-  >- 

H  K  »-  H 

z  * 

Z  Z  Z 

2  z  z  z 

<  < 

<  <  < 

<  <  <  < 

00  00 

l/*  on  oo 

on  in  11  CO 

orororororarorocoro 
<«r<<«r<<f-f-<f- 
_j_j_/_j_i_i_ii-i>-i_j>-. 
uuUU<JUkJ7&<~)2' 

UJ  Ol  UJ<<<<<<<<1<<<<<<<<<< 

<<<<«<<coaj<cczzzzzzzzzzzxzzzzzzzzzzzz2r 

t-KH-H-h-KH-  t-      onnnaoooonoononoooft.-.ftft.-if->-i 

zzzzzz«;p'2'zzzzzz2'zzzzzzzzzzzzi:oror~<~~~'~ 

<<<<<<<<<<<aoonoonooooccioo  ~~ 


aocooooo a <<<<<< 


a  or  a  or  or 

< 


z  z  z 


UJ 

UJ 

Uj 

uj  uj 

a 

Q 

UJ 

Q 

O 

5 

0  150 

<  or 

or 

UJ 

UT 

ft         i£     • 

« 

UJ 

Q 

O  Q 

•    • 

t- 

uj                   C 

-j       or  oo 

o 

O 

K 

t-i 

t-i  ft 

o  o 

co  Z 

00  I 

>- 

•    • 

• 

UJ 

UJ 

00                       < 

CO         <  UJ 

or 

fi 

on 

or 

or  or 

CO  CO  * 

*: 

M    O 

UJ  o 

X 

UJ  UJ 

UJ 

> 

> 

X 

o  or  V  v  uj 

a.  o' 

-J 

< 

yr 

O  O  uj 

Uj 

D  Q 

H  z 

T 

_i  «t 

o 

>  > 

> 

O 

o 

JT  X  CJ 

-)  or  uj  uj  I 

z 

a 

to 

a 

UJ 

o 

o  o 

Z   Z  UJ 

UJ 

<  < 

<  < 

<-> 

-J  o 

<  UJ  UJ 

<  < 

< 

V 

CJ 

u 

WUJ 

• 

-J  -j 

or  *£  st  *r 

_j 

a  uj 

_j 

-J  -J 

or  or  or 

o- 

o  o 

co  or 

< 

<  or 

uj  uj  z  z 

UJ 

f- 

_t  5 

K 

z  o  -»  _j   • 

<  Z  U  u 

-j 

o 

Q 

<  or 

_j 

-J  -J 

UJ   UJ  O 

U 

or  or 

UJ 

> 

o  an  <  < 

OO  00 

<s, 

UJ 

UJ 

UJ 

z 

oo  Z>  O 

X 

<  ft  <  <  ■*. 

an  < 

UJ 

or 

<y 

O  o 

IU 

UJ  UJ 

x  x 

z  z 

on 

ml 

O          -J  -J 

v  on 

oo 

c/ 

9 

o 

>— 1 

00  o 

oO  U.  >  >  O 

H  V)  y 

CO 

or 

CC 

en  to 

00 

on 

<  < 

H 

<  or 

Z  -J 

^  7 

UJ  UJ 

UJ 

CJ 

T 

O 

o      z 

_i 

_J 

ft 

or      z  z 

UJ 

UJ 

00 

o  a  z 

z 

o  o 

z 

D  O 

K 

<  •-• 

o  o  o  o 

z  z 

Z 

i/i 

oo 

a 

or  or  < 

_j 

_J 

o  o  o  o  o 

JJ  at  uj  uj 

UJ 

CJ 

u 

>  <y 

UJ 

UJ  Uj 

Z  Z  uj 

jj 

UJ  Uj 

UJ 

-)  T 

X 

z  r 

c  on  or  o: 

or  or 

o 

T 

jj 

u; 

UJ   i—i 

UJ 

u. 

V  <  h-  K  h- 

•J  UJ  >  > 

£ 

a 

or 

o  uj 

h- 

n 

ft  _l   > 

> 

z  z 

(0 

y. 

CO 

UJ 

<   UJ  UJ 

UJ   UJ 

UJ 

U 

to 

U1 

h- 

»-  no  oo 

Ci 

Q 

O  O.  <  <  < 

hKUJUi 

UJ 

jj 

c  J- 

Z 

Z  Z  UJ 

jj 

UJ  UJ 

a" 

SH 

1— 

_J  V 

•  uj  K  K 

>  > 

> 

7 

O' 

or 

_J 

or  z  oo 

or 

or 

O"           >   >    > 

Z  <  t-  t- 

E 

ft 

f-i 

O   UJ 

s 

<  <  k 

h- 

t-t   M 

<i 

or 

O  «r 

H-  _J  CO  00 

££ 

7- 

>• 

O  C 

< 

O  >-  D  3 

or  *  o  o  o 
<  z  z  z  z 

<  :*  oo  on 

a 

a 

z  a. 

z  z 

O  U  00 

oo 

o  o 

00 

oo  .n 

i 

u  c 

Z  (.3  UJ  uj 

1-1 

-J 

X 

X 

CO 

u.  f-  or 

OD 

c 

<    UJ 

<j*>tr\ir\if\urvir\un-0P»^-r»-^cocr>-<»-< 
oooooooooooooot  I 
co  or,  cofflMeoaDcom<jJiflojiP:nuo-*<\iro»* 


o  -^  in 

<VJ   -t    'Ci    a>   !-•    It    -< 

r-«c\jr<"i*t-t<\jrry>ftr\-Ol     I     I     I     I     I     I 
0-    OOOOCOOOOCOOOOoOoOOOoOoO 

oooooooooo 


iDflr,  EO(D(EcDO)CD(ijajaiPSJUu«ivii,i>r  <  <  «  4  o  cr,  croooocooouoooooooooooi^oo 
<Nrsi^(«^^<\i^Cvirv(rj(N<\iPsirjKKcncD(Dmo>jj-vO'virrt>j-^P'OOOOOOoooo00ooooo 
f^rfc^^p-^rw^r»^f^^^»^oot/>ooooiA>o^(?'C>i-i^»-i'-<'t-t'-'<vi^J'^»vj,N<vjzzz2Z2Z 


00  00  00 

■J 

_i 

V 

V 

«.' 

_J 

> 

UJUJUJ    >- 

>  ft 

CI 

I 

X 

X 

_i  _l 

>- 

z 

*r 

< 

n 

UJ 

00 

_j 

00 

< 

a  c  n  < 

<  a 

• 

i^0 

OI 

0" 

OO  o0 

>- 

V 

< 

3 

~J 

_l 

K 

IS 

V   -J 

i—i 

-J  _J 

HHM    J 

-J  o 

t— 

< 

<r 

-I 

z  > 

-t 

CJ 

u 

W1 

3 

-J  f- 

ro 

u 

O  f-i 

_J  _l  -J  o 

o 

_/ 

a 

a 

n 

X   X 

_j 

_J 

o 

uj3  < 

1^ 

i 

• 

r~ 

•  "j 

>- 

n 

o0 

_i 

-J  ft 

o 

00  OO  wO 

UJ 

»— 

UJ 

UJ 

UJ 

00  oo 

u 

U 

iJw   JJ->. 

_J 

_J 

_J 

► 

o 

<  V 

_<   OO 

•-* 

ft  7 

JJ  oo 

UJ 

UJ  Z 

<^ 

a' 

or 

L>T 

UJ 

3  >  cj  <  < 

UO 

_l  < 

O) 

a. 

jj 

i— 

< 

-J  < 

i-t 

s 

o 

a  < 

a 

UJ    UJ    UJ    O 

o  a 

< 

<t 

< 

>  V 

^ 

_j 

Q 

o  r>      -J  -i 

vr 

_l  -1 

z 

CO 

_i 

C  J 

UJ 

V 

o  _< 

O  uj 

-r 

o^, 

oo  o 

M    T 

Q  O  O  ft 

ft  »- 

t— 

UJ 

UJ 

JJ 

UJ    U-i 

< 

M 

(5   JUJUD 

CJ 

O  cj 

X 

X 

CJ 

o 

Z 

^ 

<f 

CJ 

00  t- 

a 

D 

■J 

-J  00 

m  mm  J 

_J  00 

o- 

I 

X 

X 

oc  or 

c— • 

►— * 

_J 

-J  U 

o 

o 

ir> 

CO 

f- 

>- 

Cj 

a 

_J 

Q 

1—1 

tc 

3 

f- 

f-  o 

oo  ft 

oo  oo  oo  oo 

oo  Z 

UJ 

oo 

oo 

00 

UJ   UJ 

> 

> 

on 

♦-  O  <  >-  V 

UJ 

c/ 

V 

>-t 

1— 1 

co 

'J  J 

> 

t- 

►— 

CJ 

Z  V 

Z  00 

01 

Z  V 

00    > 

O   Q 

Q  O  O  O 

n  uj 

en 

t-  f- 

3 

3 

□ 

> 

>- 

_j  o  or  o  o 

_J 

V  t- 

V 

V 

t- 

> 

n 

c^ 

O0 

<  CJ 

3t  uj 

in 

ft  < 

Z  C 

<  <  <  z 

Z  UJ 

? 

• 

• 

• 

z  z 

-J 

_l 

7 

< 

<i 

3       or  z  2 

< 

u 

«I  _) 

•a 

< 

_J 

<r 

7 

n 

a 

• 

< 

o  o 

• 

V 

X 

X  f- 

<    UJ 

a  o  o  < 

<  or 

< 

a- 

or 

or 

o  o 

_J 

_J 

< 

_i 

_j 

<  o  uj  <  «r 

X 

-J 

_J  ft 

rr 

or 

i—i 

_i 

< 

3 

3 

_l 

on  _j 

or  z 

f- 

<I 

o 

CJ    UJ 

-J  or 

or  or  or  -j 

_i  O 

_J 

LL 

CL 

u_ 

z  z 

<r 

<r 

-»  a 

o 

u.  oo  b-  oo  on 

yi 

V 

o  oo 

CO 

•.o 

co 

C) 

00 

r 

T 

rr 

oo  on 

en  < 

-J 

m 

CO 

00  z 

*    * 


+   * 


Ol   rj   M   oj  M   Oj   (\J  'Vj 

f\l  io  ^  'rt  JJ  O)  O 


f\   no 


evj  (M  <\i  ^J  rj  f\j  '\j  oi  (\)  ivj  rsj  oj  (Nj  (\j  rvj  oj  .nj  i'g  f\j  (M  •  J  p-i  ini  >^  >j  nj  r>i  rj  rj  (\t  <r»  r<0  ,-n  "» 
f^(^^r^r~N-p-0-r^f-o»f-i^p~r-f-o-r'O*r^^^r-N''^^^(^r-r-^-^o»r-'>f»- 

^>/Or~rnoir^r-aoa>OftojrONr|OOO^C>Oi^ojrOv.ti/o^^ooc>0-t-toirn<tin>0 


-<^M-i-(r<i-Mni'0(Oo.t,r-t«t-tinmkf\ui^iAu^iJOur\o-o^)-0''0    p  <o  o  -<o  ^i  r-  f» 

ifl  ^  in  in  'A  ja  i/*  ^  ja  in  ^  in  ijo  in  ijo  in  fl  ifi  in  ^  iT'  4i  in  ifl  if>  u\  jo  j^   n  >A  in  it  '.^  j^  ji  'f*  >n  ja 


California  Division  of  Mines  and  Geology 


SR  133 


UJ  z 

Br 


o 
z    • 

c  o 


g" 

l-H 

p-     • 

<  o 

_J    OJ 

c 


7 

a 
u 


z 
o 


n 

z 


< 
x 

u. 
o 

UJ 

x 
< 
z 


I* 

8      r 


■S      * 

-O         e, 


*     O 

P-  gi 

rg 

t*~  \T\ 

o 

(Vj 

o 

o 

m  o  o  o  o 

O 

tn  rvj 

on 

ro 

o 

ro 

P- 

O 

-*    •h'    «tf 

p-^i-i-4mmo>og3 

•  p- 

O    r-l 

m 

*+  O 

o 

r-l 

IT* 

rn 

CM   <C  «0   >40 

go 

>o 

o  f- 

v0 

P- 

CO 

l-H 

IT\ 

ro 

<VJ  Cj  P- 

^t  gpcggogo^Htficoco 

•     go. 

M    Pg 

co 

PO  if* 

s 

•fl 

<o  v0 

<n  »*■  >*  -t  **•■  >r 

m  m 

l-H 

ro 

pg  ro 

vJ" 

>r 

o  o  o 

mmcono<pinmpgpg 

•     PO 

m  in 

(0 

rO   "O 

m 

po  ro 

Pj 

IN 

pg 

rv 

l-H 

M 

in  n  in 

«t>fnominaogp»rgi- 

•     P-J 

CM   <Ni 

<M 

<VJ  rg 

fl 

P0  f> 

r" 

<M  <\J  (S  (Vi 

INI 

IM 

(VJ  INI 

PO 

ro 

PO 

rr', 

ro 

ro 

PNP 

P-P-P-p-p-P^P-P-P* 

•    rvj 

Pg   CM 

c\J 

<M  r\J 

iNi  (\J  INI  ^J 

CM  M  »M   Pki  (Nl 

(M 

Pg  PM 

<NI 

(M 

PM 

Pg 

rg 

pg 

•     ~4 

p»  o 

o 

in  in 

r- 

ro 

ffl 

<\i  CM  <M  (M  eg 

CM 

m  P* 

op»mop-pnP-p-P-p-p»p\iPsr-tnrgp«.p- 

*  o 

>0    Pg 

p- 

go  >n 

o 

ODNO 

(<\   fO  fl    fl 

m 

PO 

«o  >fr 

vt 

eo  in  o 

P- 

go 

CP  O  CP 

CPCP  coooin'Or»p» 

•     CO 

IT*  »0 

«r 

go  p- 

o 

>r 

>n 

lA 

«c  r-  r-  P- 

r- 

f- 

P*  gj 

<c 

(D 

P- 

P^ 

C 

c 

p-  p-  r*- 

fw|^.pHponomgjinm 

(\i 

(M 

f\> 

PO 

ro 

eO 

ro 

PO 

PO 

ro  po  ro 

rom>tif\ifiu'Mpifp|fn 

*     CO 

OC    T) 

93 

co  oo 

Na 

cn 

CO 

cn 

ob  cd  oo  m 

00 

<r.' 

eo  eo 

as 

or 

0D 

r> 

00 

eu 

eo  m  po 

poponononorononono 

*    no 

PO  m 

m 

ro  m 

(«1 

ro 

m 

m 

ro  ro  no  ro 

ro 

ro 

pn  pn 

PO 

ro 

ro 

ro 

ro 

ro 

ro  ro  ro 

poMff)fPipnppiiP|Popo 

< 
ec 

■« 
_J 
o 

< 

< 

<■ 

•o 

< 

< 

< 

< 

< 

UJ  Uj  UJ 

luujujujujujujujuj 

•    Z 

Z  Z 

Z 

z  z 

•« 

Z 

X 

£ 

Z  Z  Z  Z  2! 

a; 

T. 

X' 

X 

X 

X 

OOOOOOOOC3000 

•    i-h 

l-H    l-H 

i—i 

l-H    HI 

>- 

a 

o  a 

l-H    1— 1    t— 1    1— 1 

M 

»-H 

HH    >-> 

O 

a 

o  o  o 

a 

z  z  z 

zzzzzzzzz 

*    cc 

or  a: 

a- 

a:  ar 

z 

z 

z 

Z 

C<   Or   Of   Qt 

nr 

oc 

OC  oc 

z 

7 

z 

Z 

z 

z 

<  <  < 

<<<<<<<<•< 

*    < 

<  < 

<■ 

<  < 

< 

D 

o  a 

<    <   <    < 

< 

< 

<  < 

o  o  o  o  o  o 

ar  ar  ar 

orororororororQeor 

J  x 

x  x 

X 

X  T 

uO 

i/) 

wo 

i/l 

r  £  jc  at 

X. 

3l 

r  at 

wo 

01 

wo 

00 

w- 

oo 

aoooooooaooo 

• 

UJ 

r- 

>  >  > 

•    •    •  -J 

_J 

V 

• 

Q 

r> 

o;  or  or 
5  5a 

a  o  Ci  _i 

C  UJ 

UJ 

<j 

i-i  Uj  Uj  u_ 

UJ 

OJ 

UJ  O 

K 

or  or  or  ^          sr  «^ 

X  X 

a  > 

a 

-I  >  >  > 

>  > 

z 

> 

UJ 

• 

X  <        O  -J  wo 

p-  h- 

X  »-i 

< 

I 

wo 

IDHHH 

»-« 

H 

l-H    -H 

l-H 

< 

>  Z  T  Z  T  Z  Z     *        Z     •  >-  -J  ~> 

D  or 

• 

UKWO 

oc  oc  oc 

oc 

oc 

or  o 

o 

CO 

a 

OOOOOOOZK<QZi-ij 

O  O 

D 

OO  O 

UJ 

_J 

X 

X  c 

Q  C 

O    ^H 

a 

m  »- 

c  >■  >■ 
zzz 

>>-<o       ><X»-i 

OO  2 

> 

oc 

1> 

o 

u  z 

wo 

Z 

Z  Z  U  >  <  -J  <_)         X 

-J 

•  z 

oc  o  < 

< 

<  2?  2L  Z 

z 

2 

z    • 

UJ 

z 

iT 

»-H 

wo 

wo 

<  <  « 

<  <      o  p-  eo      < 

•    P» 

•     • 

31 

r-  l-l 

UJ 

UJ 

UJ 

J    l-l    M    ^« 

l-H 

M 

»-•  r- 

s 

< 

o 

e 

wo 

g 

O  O  U  «J 

•    .0 

WO  00 

WO  oc 

t— 

CO 

CD 

cn 

wo  or  oc  oc 

Of 

cr 

QC  wo 

r 

< 

a 

o      <  «  z  ^  z 

<<<r-ll)UJDOD 

*  o 

l-H  l-l 

O 

< 

z 

i-i  <  <  < 

< 

< 

< 

W0 

or 

X 

or 

or 

<  <  < 

p- 

uj  x 

< 

n 

-J 

_/ 

as:  ar  r 

2 

2: 

X  Z 

UJ 

UJ 

X 

> 

P-  r-  r- 

zzHi/i       oro<t3 

•   _J 

a  OC 

< 

> 

>- 

_ i 

-J 

_i 

o: 

< 

wo 

I 

£ 

>/ 

i- 

p- 

»-•   »-H   l-H 

3Dr-<UJM<J< 

3  o  z  uj  o      -j      -j 

•  _l 

LU    UJ 

> 

l-H    Z 

z 

5 

LU 

OJ 

UJ  z  z  z 

Z 

z 

Z  UJ 

or 

wo 

o 

ar 

or 

ZZZ 

•      »"H 

UJ  UJ 

g 

-J    < 

< 

X 

X 

Uj  <  <  < 

< 

< 

<  o  c 

l-l 

UJ 

o 

2 

o  c 

<  <  <            .       Jt 

J       I 

a  o 

O  oo 

uO 

u. 

w- 

wo 

Q   WO  WO  WO 

U0 

W0 

<*  -J 

X 

u. 

.0 

ar 

u. 

eo  fib  co 

-l-JCOZwOjtZOOOO 

•  m 

»*   U"\ 

go 

p-  a 

-<  PO  >J"   tfi 

^ 

P» 

CO  -C 

i-i  Pg  P- 

ppigpmmp-i-igacpm 

*       — 1 

—4    ft 

-4 

«•<  .-I 

r- 

O   O  O   O 

O 

o 

o  in 

«*  vf  «t 

•O'OP-ff'C^OHHN 

•          | 

|        | 

1 

l    i 

1 

o  o  o  o 

o 

o 

o 

p» 

oo 

o 

o 

•-I 

rg 

HNH 

Hih^hhIMMNM 

•    WO 

</>    V* 

wo 

01  wo 

-J 

~o 

a 

o 

cC'  en  oj  cd 

tr 

cn 

ec    • 

o 

o 

o 

r— 

H 

•-i 

1       I       1 

1      1      1      1      1      1      1      1      1 

•  O 

a  a 

O 

O  O 

l-l 

^) 

-0 

r- 

PPl  PO  pn  P0 

m 

PO 

pn  o 

o 

o 

o 

o 

O 

O 

ro  po  no 

porororomnonomni 

•  z 

z  z 

z 

Z  2 

u 

(\l 

(M 

<M 

r-  r-  r>  s- 

r- 

r- 

P-  z 

fM 

(Nl 

(N 

(M 

r\j 

eg 

PPP 

p^P-P-p-P-P-p-P-P- 

•  -J 

_i  _j 

> 

WO  WO    WO 

wo 

WO 

-j 

UJ 

Z 

Z 

or 

X 

•    l-l 

l-H    l-H 

< 

>  W  V 

V  V 

>H 

-J 

o 

o 

CO 

UL 

•  o 

O    O 

LU 

_J 

<  -J  _J  _J 

_J 

_i 

O 

< 

a 

P- 

h" 

r 

• 

•    S) 

I/)    WO 

_J 

u 

■J 

WO 

X 

uJ 

i 

01 

wo 

•       »      •      •   WO              •       • 

-J 

-J 

< 

aj 

O  _J  _l  _J 

_J 

_; 

oo  Z 

o 

Q 

a 

wo    •    • 

X  X  X  X  -J        XX 

•    WO 

WO   WO 

1-1 

•i  5- 

I  (j: 

Jj 

1— 1  1— I  t— 1 

l-l 

l-H 

UJ 

o 

z 

_0 

5 

O  X  X 

U.  u.  u-  u.   -J         U.  UL 

•  V 

V  V 

o 

Q  «* 

wo 

3 

z 

Uj  O  O  O  O 

a  z 

V  r- 

< 

3E 

X 

X 

<_>  u_  U- 

f*     • 

•  _J 

-I  _j 

wo 

WO    _J 

O 

l-H 

O  CO  wo  wo 

w 

wo 

t— I 

< 

wo 

or 

< 

z 

woo<<IX>V 

O 

Q  « 

t- 

M 

p- 

_J 

h- 

UJ 

UJ 

UJ 

<  o  o 

o  cd  or  or       u-  uj  ai 

•  r- 

h-  r- 

UJ 

h- 

UJ 

z 

JhKh 

r- 

K  z 

wo 

z 

z 

or  o  o 

or  <  co  co  uj      or  or 

•    WO 

wl  VI 

wo 

wo  * 

rrr 

L'J 

UJ 

W"   WO   WO   CO 

w^ 

wo 

UJ    uO 

M 

< 

UJ 

OJ 

►-  z  z 

LUM<«fhJJ'JJUJ 

•    i-h 

l-l  »-H 

o 

«-<  o 

>- 

<r 

_l 

0 

O   i-i  I-i  t-i 

HH 

l-H 

a.  m 

V 

WO 

>: 

> 

o 

o 

<  < 

>-r)r-xxoar-»- 

•  X 

I  X 

* 

X  < 

< 

1U 

< 

a: 

Z  T  X  T 

T 

X 

O'  X 

<r 

ar 

<  O  O 

oo  a.  a 

<  C3  Z               V  00  Z  Z 

o 

o  o 

a: 

O    _l 

_J 

T 

X 

UJ 

<ooo 

O 

O  UJ  o 

ar 

< 

UJ 

-I 

l-H 

HH 

000-J<<<<OUJOO 

•  l/> 

(/>  oo 

< 

wo  on 

o 

00 

WO 

wo 

«J  wo  wo  wo 

wo 

wo 

WO  wo 

CO 

■Hi  O  O  3T 

X 

ji-p 

O>00_J_JO00XX 

•    * 

*    * 

* 

* 

■K       *      *       * 

* 

+ 

•  no 

<r\   rr> 

PO 

CO   rO 

rO 

pn 

m 

^0 

"\  r<0  "0   PO 

ft\ 

,1-1 

PO  rO 

fO 

m 

rn 

,«> 

ro 

m 

m  m  no 

roronopono^0'*onoco 

•  ^ 

P-   P- 

p- 

P-  *» 

p- 

r- 

r» 

r» 

r»  r-  r-  Is- 

p- 

r» 

P"  P- 

p- 

p- 

p- 

P- 

P» 

p* 

P-  p>  P- 

p-p-p-p-p-p-p-p-p- 

*    % 

V  V 

V 

V  V 

V 

V  V  V 

V  V  V  V 

V 

N 

V  V 

"NVVVVVVVVVNVVVVVVV 

•    cn 

r>  o 

r-< 

«VJ  -t 

in 

~c 

r>- 

ai 

th  -HN  (O 

•if 

LO 

•O   CO 

o 

o 

r-l 

(M 

ro 

•t 

•O  P-  r> 

OrtiOvtmOO-HN 

.— 1 

— < 

-4     -4 

-* 

— 1 

-^ 

^H 

-<    (M  <\J    PM 

'j 

AJ 

ri    PM 

fVJ 

-o 

ro 

ro 

ro 

m 

go  go  go 

P-P-P-P-P-Norjooro 

o 

a 
o 

•H 
CO 

t 

n 

aj 

c 

*H 

o 


a) 


a 
o 

•H 

+> 
u 

0) 
CO 

u 

1 

•s 

o 

cS 
■p 


& 


a 


tJ 


Hi 


1977 


Clay  Mineralogy  and  Slope  Stability 


for  five  minutes  by  using  the  ultrasonic  water  bath.  This 
was  followed  by  a  mild  hydrogen-peroxide  treatment  as 
an  additional  aid  to  dispersion.  A  Bouyoucos  mixer  was 
used  to  further  disperse  the  samples,  although  future  work 
will  be  done  with  the  Iowa  air-jet  dispersion  apparatus. 
This  achieves  even  better  segregation  of  individual  clay 
particles  while  breaking  fewer  of  the  micaceous  sand 
grains  (Chu  and  Davidson,  1953).  The  temperature  of 
suspensions  was  controlled  at  25°C  with  the  use  of  a  water 
bath  and  an  inexpensive  temperature  controller  (Blue  M 
Electric  Company,  Blue  Island,  Illinois).  A  few  samples 
were  impossible  to  disperse  and  were  not  included  in  the 
study.  Values  reported  (table  2)  are  for  <  2  mm  material. 
Because  other  physical  tests  involve  <420  /xm  material, 
recalculations  were  necessary  for  direct  comparisons  of 
data. 

Atterberg  Limits 

Liquid  limits,  plastic  limits,  and  plasticity  indices  (table 
2)  were  determined  using  standard  methods  (Sowers, 
1965).  A  few  soils,  too  sandy  for  plastic  limit  determina- 
tions, were  not  included  in  this  study. 

Shear  Strength 

A  torsion  vane  shear  testing  device  (Soiltest,  Evanston, 
Illinois)  was  used  to  determine  shear  strength  at  various 
moisture  contents  between  the  liquid  and  plastic  limits. 


Shear  tests  were  run  in  conjunction  with  the  Atterberg 
limits.  Samples  were  dried  slightly  after  soil  was  removed 
for  the  liquid  limit  test.  A  shear  vane  reading  was  made 
directly  in  the  liquid  limit  device  after  thorough  mixing. 
About  10  grams  of  soil  from  the  area  of  shear  was  placed 
into  a  tared  weighing  bottle  and  oven-dried  at  1 10°C  to 
determine  moisture  content.  This  was  repeated  for  a  dupli- 
cate analysis,  and  then  the  entire  soil  sample  was  dried 
with  a  fan  blower  while  being  mixed.  At  some  point  prior 
to  reaching  the  plastic  limit,  two  more  shear  vane  readings 
and  moisture  determinations  were  made.  The  results  were 
plotted  on  a  graph  of  %  H20  versus  the  log  of  the  shear 
strength  in  kilograms  per  square  centimeter  (and  tons  per 
square  foot)  (figure  1).  Intercepts  and  slopes  of  shear 
curves  were  calculated  after  interpolating  data  beyond  the 
liquid  and  plastic  limits,  assuming  a  linear  logarithmic 
relationship  (Kerr  and  Drew,  1969). 

The  intercept  (B)  of  the  shear  curve  was  arbitrarily 
chosen  as  the  water  content  at  which  the  shear  strength 
was  0.001  kg/cm2.  The  slope  (M)  is  this  value  minus  the 
water  content  at  1  kg /cm2.  This  slope  is  analogous  to  the 
"flow  index"  of  Casagrande  (1932).  Samples  with  high 
amounts  of  expansible  clays  tend  to  have  shear  curves 
with  high  intercepts  and  high  negative  slopes  (figure  2) . 
Note  that,  under  conditions  of  restricted  drainage,  a  small 
increase  in  moisture  causes  a  larger  decrease  in  shear 
strength  for  nonexpansible  clays  like  kaolinite  than  it  does 
for  expansible  clays  like  smectite. 
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485/72 
PRECISION 


0.001 


Figure  1.  Precision  of  the  curve  of  %  wa- 
ter versus  the  log  of  the  shear  strength  for 
Sample  485/72. 
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X-ray  Diffraction  of  Clay  Fractions 

Clay  fractions  (  <  2  ju.m)  were  obtained  from  the  sam- 
ples dispersed  with  sodium  metasilicate.  Approximately 
0.7  gram  (g)  of  sodium  metasilicate  is  added  to  each  50 
g  of  soil  sample  during  the  particle-size  analysis.  This 
small  amount  of  sodium  metasilicate  or  its  reaction 
products  produced  no  detectable  interference  with  x-ray 
diffraction  analysis.  Calgon  (Na3P04)  was  not  used  as  a 
dispersant  because  it  reacts  with  the  clay  fraction  to  a 
greater  degree  than  sodium  metasilicate. 

Magnesium-saturated  clay  ( <  2  u.m)  samples  were 
used  to  prepare  slides  by  the  smear-on-paste  technique 
(Theisen  and  Harward,  1962).  The  degree  of  pressure 
required  to  produce  a  smooth  film  of  clay  varies  from 
sample  to  sample.  Therefore,  a  15  cm  flexible  plastic  rule 
was  used  instead  of  a  spatula  for  spreading  the  paste. 
Slides  were  air-dried  one  hour,  placed  in  a  54%  relative- 
humidity  chamber  overnight,  and  x-rayed  in  a  controlled 
54%  relative-humidity  environment.  Mica  was  qualita- 
tively estimated  from  the  10-Angstrom  (A)  peak.  Next, 
the  sample  was  heated  at  1 10°C  for  two  hours  in  glycerol 


vapor  (Brown  and  Farrow,  1956)  which  was  then  allowed 
to  condense  onto  the  sample  overnight.  Another  Mg-satu- 
rated  sample  was  heated  at  60°C  for  two  hours  in  ethylene 
glycol  vapor,  which  was  then  allowed  to  condense  over- 
night. X-ray  patterns  for  ethylene-glycol-treated  slides  of 
montmorillonite  and  beidellite  were  identical,  showing  ex- 
pansion to  about  17 A.  "Beidellite"  was  identified  by  its 
resistance  to  expansion  when  solvated  with  glycerol  vapor 
(Harward  and  Brindley,  1964). 

Potassium-saturated  slides  were  similarly  prepared  and 
heated  to  1 10°C,  300°C,  and  550°C.  Vermiculite  was  iden- 
tified by  collapse  of  14A  peaks  to  10A  after  K  saturation, 
drying  at  110°C,  and  x-raying  at  0%  relative  humidity. 
Kaolinite  was  identified  (in  the  absence  of  a  14A  peak) 
by  the  disappearance  of  the  7A  peak  after  heating  a  Un- 
saturated sample  for  three  hours  at  550°C.  Chlorite  was 
identified  by  the  presence  of  a  14A  peak  after  550°C  heat- 
ing. Decreases  in  the  size  of  the  7  A  peak  with  correspond- 
ing increases  in  the  14A  peak  due  to  550°C  heating  was 
considered  an  indication  of  chlorite,  not  kaolinite.  Some 
intergrades  having  intermediate  x-ray  spacings  were  ob- 
served. Non-crystalline  material  was  considered  high  in 
samples  with  small  peaks  or  none  at  all. 
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Figure  2.  Water  content  versus  shear 
strength  for  a  landslide  soil  containing  smec- 
tite clay  (549/72),  soil  derived  from  Lam- 
bert Siltstone  containing  large  amounts  of 
silt  and  organic  matter  (534/72),  and  a 
Miocene  mudstone  containing  predominant- 
ly silt  and  kaolinite  clay  (34/73). 
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RESULTS  AND  DISCUSSION 
Water  versus  Shear  Strength 


intercept  for  sands  and  silts  was  26  percent.  This  is  ap- 
proximately equal  to  the  theoretical  pore  space  in  a  well- 
sorted  material. 


The  importance  of  the  effect  of  water  content  on  the 
shear  strength  of  soils  cannot  be  overemphasized.  Any 
increase  in  water  content  will  decrease  the  shear  strength 
of  a  soil  (figure  1).  The  torsion  vane  can  be  used  to 
determine  the  response  of  soils  and  sedimentary  rocks  to 
increasing  amounts  of  water.  The  shear  curves  determined 
in  this  study  should  be  used  for  comparisons  between  soils 
rather  than  as  measures  directly  applicable  to  field  situa- 
tions. Results  from  undisturbed  samples  would  have  been 
different.  Also,  the  rate  of  water  infiltration  could  not  be 
considered  as  a  factor  in  these  measurements. 

The  reproducibility  of  the  torsion  vane  shear  test  was 
tested  on  a  very  clayey  soil  from  Contra  Costa  County 
(figure  1).  Two  sub-samples  from  this  material  gave  in- 
distinguishable logarithmic  curves  (see  also  Kerr  and 
Drew,  1969).  Straight  lines  were  drawn  through  the  ex- 
tremes of  these  points.  The  coefficient  of  variation  was  1 .4 
percent  for  the  intercept  and  3  percent  for  the  slope.  Rou- 
tine analysis  of  the  remaining  samples  could  be  done  by 
determining  shear  strength  at  only  3  or  4  points  at  mois- 
ture contents  between  the  liquid  and  plastic  limits. 

In  clayey  soils  under  undrained  conditions,  internal 
friction  is  zero  and  the  torvane  shear  strength  is  equal  to 
the  cohesive  strength.  The  high  intercepts  and  high  nega- 
tive slopes  of  clays  indicate  their  cohesive  nature  and  in- 
teraction with  water.  Smectite  (formerly  the 
montmorillonite  group  of  clay  minerals)  is  usually  the 
predominant  clay  mineral  in  soils  with  highly  sloping 
shear  curves  (figure  2). 

Silty  as  well  as  sandy  soils  have  low  intercepts  and  low 
slopes  (figure  2) .  This  is  because  cohesion  is  near  zero  for 
sand,  and  internal  friction  is  unaffected  by  moisture  con- 
tent. Slopes  of  shear  curves  are,  therefore,  directly  related 
to  cohesion.  Intercepts  would  include  internal  friction  as 
well  as  cohesion.  Kaolinite  and  other  clay  minerals  with 
low  cation-exchange  capacity  do  not  produce  steeply 
sloping  curves  because  their  reaction  with  water  is  not  as 
great  as  that  of  clays  such  as  smectite.  The  minimum 


Effect  of  Organic  Matter 

Organic  matter  contributes  considerably  to  the  value 
for  the  intercept  without  apparently  affecting  the  slope  of 
the  curve  (figure  2).  For  example,  sample  534/72  had 
very  high  organic-matter  content  (about  10  percent)  with 
only  traces  of  kaolinite  and  mica  in  the  small  amount  of 
clay  present  (table  2).  Organic  matter  increases  the  natu- 
ral moisture  content  of  a  soil  and  the  amounts  of  water 
available  to  plants.  For  example,  the  natural  moisture 
content  of  this  soil  was  46  percent  on  December  11,  1972. 
The  shear  strength  apparently  was  increased  greatly  as  a 
result  of  soil  formation  and  the  accumulation  of  organic 
matter.  Landslides  are  rare  on  soils  developed  from  Lam- 
bert siltstone,  the  formation  from  which  this  soil  was 
derived. 

This  observation  appears  applicable  to  establishing 
vegetation  on  cut  slopes  produced  during  construction 
projects.  The  addition  of  organic  matter  to  unstable  soils 
would  increase  their  water  holding  abilities.  This  would 
make  water  available  to  plants  over  a  long  period  of  time, 
thus  encouraging  large  plants  with  deep  roots  to  grow  and 
to  remove  more  of  the  seasonal  rainfall.  By  the  end  of  the 
dry  season,  natural  moisture  contents  would  be  so  low  that 
the  effect  of  winter  rains  on  shear  strength  would  be  mini- 
mized. 

Correlations  Between 
Physical  Parameters 

The  large  number  of  samples  of  varying  physical  char- 
acteristics allowed  us  to  evaluate  the  relationships 
between  the  various  physical  parameters  (table  3).  Sand 
contents  are  indirectly  related  to  all  of  the  other  parame- 
ters (silt  and  clay  content,  Atterberg  limits,  and  shear 
strength)  as  would  be  expected  (i.e.,  sand,  silt,  and  clay 
contents  total  100  percent).  These  correlation  coefficients 
were  -0.50  or  -0.60  except  for  the  plastic  limit,  which 
appeared  to  be  more  independent  of  sand  contents. 
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Table  3.     Correlation  coefficients  for  physical  parameters  of 
soils  and  sedimentary  rocks   (n  =   127  samples). 


% 

% 

% 

Liquid 

Plastic 

Plasticity 

Shear 

Sand 

Silt 

Clay 

limit 

Limit 

index 

B         M 

%Sand' 

1 

%  Silt 

-0.50 

1 

%  Clay 

-0.60 

-0.40 

1 

LL 

-0.60 

-0.06 

0.68 

1 

PL 

-0.24 

0.19 

0.08 

0.60 

1 

PI 

-0.60 

-0.16 

0.78 

0.93 

0.27 

1 

Shear  B 

-0.61 

-0.02 

0.67 

0.95 

0.49 

0.92 

1 

Shear  M 

-0.55 

-0.05 

0.63 

0.80 

0.25 

0.86 

0.93          1 

The  standard  physical  tests  for  liquid  limit,  plastic  limit,  and  shear  strength  were 
done  on  the  less  than  420  \xm  material,  whereas  the  particle-size  analysis  was 
done  on  the  less  than  2000  u.m  material.  To  have  comparable  data  for  correla- 
tions between  particle  size  and  the  other  physical  data,  the  following  computa- 
tions were  performed  for  each  sample:  clay  contents  in  table  2  were  divided  by 
the  fraction  of  sample  less  than  420  u.  m.  For  example,  number  574/72  had  38% 
clay  with  12%  of  the  sample  in  the  size  range:  2000  -  420  urn.  Dividing  38% 
by  ((100  -  12)  H-  100)  gives  a  value  of  43.2%  clay  in  the  <  420  u,m  sample 
used  for  determining  the  plasticity  index  and  shear  strength. 


Clay  Mineralogy 
Correlations  With  Physical  Parameters 

Rather  pure  samples  of  montmorillonite  (a  smectite) 
can  have  liquid  limits  up  to  500.  Thus,  it  is  not  surprising 
that  clay  contents  of  soils  high  in  montmorillonite  would 
be  directly  related  to  physical  parameters  such  as  liquid 
limits.  It  is  difficult,  however,  to  attribute  high  liquid 
limits  of  soils  to  a  specific  mineral  such  as  smectite  be- 
cause soils  are  composed  of  a  mixture  of  minerals.  A 
quantitative  determination  of  the  clay  minerals  in  a  soil 
would  be  ideal  for  determining  relationships  between  clay 
mineralogy  and  physical  parameters.  Lacking  this  infor- 
mation, qualitative  x-ray  diffraction  data  were  used  to 
estimate  the  relative  amounts  of  the  various  clay  minerals 
in  the  less  than  2  jam  fractions.  Samples  were  classified 
into  four  groups:  0  for  no  clay  minerals  detected,  1  for 
trace  amounts  present,  2  for  moderate  amounts  present, 
and  3  for  abundant  amounts  present  (table  2).  These 
values  were  multiplied  by  the  fraction  of  clay  found  in  the 
material  tested  (see  footnote,  table  4) . 


Silt  contents  are  slightly  more  associated  with  the 
clayey  soils  (r  =-0.40)  than  with  the  sandy  soils  (r  = 
-0.50),  though  both  correlations  are  indirect.  The  other 
physical  parameters  are  unrelated  to  silt  contents.  In  gen- 
eral, the  silt  fractions  in  these  soils  do  not  contribute  to 
their  cohesive  character.  Cohesion  must  be  derived  from 
minerals  occurring  only  in  the  clay  fractions. 

Clay  contents  are  directly  correlated  with  the  plasticity 
index  (r  =  0.78)  and  liquid  limits  as  well  as  the  intercept 
and  slope  of  shear  curves.  These  physical  properties  are  all 
related  to  each  other  in  some  degree,  and  all  reflect  the 
cohesive  property  of  clay. 

The  liquid  limit  has  an  almost  direct  relationship  to  the 
intercept  of  the  shear  curve  (r  =  0.95)  while  its  relation- 
ship to  the  slope  of  shear  curves  was  somewhat  less  direct 
(r  =  0.80).  Perhaps  this  is  because  any  organic  matter 
present  in  a  soil  sample  may  contribute  to  an  increase  in 
the  liquid  limit  and  intercept  without  changing  the  slope 
of  the  shear  curve  (figure  2). 

The  plastic  limit,  though  slightly  correlated  with  the 
liquid  limit  (r  =  0.60),  appears  to  be  one  of  the  most 
independent  of  the  physical  parameters.  The  plasticity 
index,  however,  was  highly  correlated  with  the  intercept 
(r  =  0.92)  and  slope  (r  =  0.86)  as  well  as  the  liquid  limit 
(r  =  0.93)  from  which  it  is  partly  derived.  In  each  case, 
the  intercept  of  the  shear  curve  was  more  closely  related 
to  cohesive  properties  than  to  the  slope.  Still,  correlations 
between  the  parameters  denoting  cohesion  and  the 
amount  of  clay  can  account  for  only  half  the  variance.  We 
have  shown  that  increasing  sand  contents  lead  to  decreas- 
ing cohesion  but  that  increasing  silt  contents  have  no  ef- 
fect upon  cohesion.  Perhaps,  variations  in  the  type  of  clay 
can  account  for  some  of  the  variation  in  correlations 
between  clay  contents  and  cohesion. 


Table  4.     Coefficients  for  correlations  between  physical 

parameters  and  relative  amounts  of  clay  minerals   (n  = 

127  samples).1 


Liquid 

Plastic 

Plasticity 

Shear 

limit 

limit 

index 

B 

M 

Smectite 

0.70" 

0.16 

0.77** 

0.69** 

0.63** 

Montmorillonite 

0.46** 

-O.03 

0.57** 

0.51** 

0.51** 

Beidellite 

0.42** 

0.09 

0.47** 

0.36** 

0.30** 

Vermiculite 

-0.09 

-0.15 

-0.04 

-0.10 

-0.07 

Chlorite 

0.21* 

-0.08 

0.28** 

0.24* 

0.33** 

Kaolinite 

0.04 

-0.11 

0.09 

0.06 

0.10 

Mica 

0.18 

-0.04 

0.23* 

0.19 

0.25** 

Noncrystalline 

-0.04 

0.13 

-0.13 

-0.13 

-0.19 

1  The  relative  amount  of  a  particular  clay  mineral  in  the  sample  used  for 
physical  testing  was  calculated  as  follows.  First,  it  was  assumed  that  the  clay 
minerals  exist  only  in  the  clay  fractions.  Second,  the  particle  size  data  was 
corrected  for  less  than  420  u.  material  as  in  footnote  1,  table  3.  Third,  this 
corrected  value  for  clay  content  (43.3  percent  in  the  example  of  footnote  1, 
table  3)  was  multiplied  times  the  relative  amount  of  clay  mineral  in  the 
sample  used  for  x-ray  diffraction.  For  example,  if  smectite  was  the  dominant 
mineral  in  the  clay  fraction,  the  relative  amount  of  smectite  in  the  clay  would 
be  3.  Consequently,  the  relative  amount  of  smectite  in  the  sample  used  for 
physical  testing  would  be  this  (3)  times  the  amount  of  clay  (43.3  percent). 
This  results  in  a  value  of  1.3,  reflecting  the  diluting  effects  of  sand  and  silt. 
*  Correlation  coefficient  greater  than  0.20  (significant  at  the  5%  level). 
•*  Correlation  coefficient  greater  than  0.25  (significant  at  the  1%  level). 

Regression  analysis  of  these  values  and  the  physical 
parameters  shows  that  there  is  no  consistent  relationship 
between  the  plastic  limit  and  variations  in  the  types  of  clay 
minerals  (table  4).  Smectite  (montmorillonite  and  beidel- 
lite) is  directly  related  to  the  liquid  limit  (r  =  0.70), 
plasticity  index  (r  =  0.77,  figure  3),  and  the  intercept  (r 
=  0.69)  and  negative  slope  (r  =  0.63)  of  shear  curves. 
Chlorite  and  mica  each  account  for  less  than  10  percent 
of  the  variance  in  correlations  with  physical  parameters. 
Vermiculite,  kaolinite,  and  non-crystalline  material  (de- 
termined by  absence  of  an  x-ray  diffraction  pattern)  were 
unrelated  to  any  of  the  physical  parameters  in  this  study. 
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Figure  3.     Relationship  between  the  plas- 
ticity index  and  smectite. 
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The  cohesive  character  of  these  soils  appears  to  be  de- 
termined by  essentially  one  mineral — smectite.  The  other 
expanding  clay  mineral,  vermiculite,  does  not  contribute 
significantly  to  measures  of  cohesion.  The  reasons  for  this 
remain  obscure.  However,  many  noncohesive  type  slides 
in  Marin  County,  for  example,  occur  in  soils  developed 
from  schists.  These  soils  contain  a  great  deal  of  vermicu- 
lite derived  from  coarse-grained  micas.  Schist-derived 
soils  appear  to  be  involved  in  numerous  landslides,  but  soil 
expansion  doesn't  seem  to  be  a  significant  problem. 

Two  different  types  of  smectite  can  be  seen  in  x-ray 
diffraction  patterns  of  clays.  Montmorillonite  tends  to 
have  a  slightly  more  expansive  character  than  beidellite, 
the  other  common  smectite  in  soils  (Borchardt,  1977a). 
Montmorillonite,  for  example,  is  more  highly  correlated 
with  the  plasticity  index  than  beidellite  (table  4).  The 
differences  between  these  two  smectites  is  even  greater  for 
the  correlations  involving  the  intercepts  and  slopes  of 
shear  curves.  Perhaps  this  is  an  indication  that  beidellitic 
soils  are  less  expansive  and  less  likely  to  be  involved  in 
landslides  than  montmorillonitic  soils.  Further  work  on 
quantitative  methods  of  distinguishing  between  these  two 
minerals  and  their  relationship  to  physical  properties  may 
help  to  explain  some  of  the  variations  included  under  the 
group  name  "smectite". 


Correlations  Among  Clay  Minerals 

Correlations  among  the  clay  minerals  themselves  gave 
hints  of  possible  relationships  (table  5).  Of  particular  in- 
terest is  the  correlation  of  r  =  0.38  between  beidellite  and 
chlorite.  Beidellite  was  the  only  clay  mineral  detected  in 
a  soil  derived  from  chloritic  greenstone  (520/72,  table  1 
and  2) .  On  the  other  hand,  the  correlation  between  mont- 
morillonite and  chlorite  was  not  significant,  suggesting 
that  montmorillonite  must  form  in  an  environment  differ- 
ent from  beidellite. 

Table  5.     Correlations  among  estimates  of  clay  mineral 
contents  (n  =  127  samples). 


Clay  mineral 

St 

Mt      Bd       Vr 

Ch 

Kl       Mi    Nc 

Smectite 

1 

Montmorillonite 

0.54* 

1 

Beidellite 

0.79J 

0.12     1 

Vermiculite 

-0.11 

-0.25J  0.02     1 

Chlorite 

0.35* 

0.12     0.38* -0.09 

1 

Kaolinite 

0.04 

0.09    0.09    0.11 

0.11 

1 

Mica 

0.15 

0.16    0.06    0.22' 

0.302 

0.201     1 

Noncrystalline 

-0.22' 

-0.15  -0.16  -0.09 

-0.16 

0.02    -0.12     1 

'r  =  0.20  significant  at  5%  level 
2r  =  0.25  significant  at  1  %  level 
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Expansive  Soils 

The  plasticity  index  may  be  used  as  an  estimate  of  the 
swelling  potential  of  a  soil  (Pettry  and  Rich,  1971). 
Consequently,  the  direct  correlation  between  the  plasticity 
index  and  smectite  contents  confirms  other  observations 
that  smectite  is  a  necessary  ingredient  in  soil  expansion 
and  soil  creep  (Borchardt,  1977a).  Other  clay  minerals 
expand  much  less  and  even  vermiculite  seems  to  contrib- 
ute very  little  to  plasticity. 

Soils  and  sediments  containing  large  amounts  of  smec- 
tite obviously  pose  a  threat  to  structures  in  direct  propor- 
tion to  the  amount  of  smectite  present.  However, 
engineers  have  little  need  for  quantitative  clay  mineralogi- 
cal  data  for  expansive  soils.  It  is  much  easier  to  measure 
the  potential  for  soil  expansion  directly.  Landslide  poten- 
tial, however,  is  not  so  easily  measured. 

Landslides 

Landslides  may  occur  in  soils  of  all  types,  but  we  first 
wanted  to  see  if  some  of  the  common  physical  parameters 
might  distinguish  between  stable  and  unstable  materials. 
Sixty-six  samples  from  landslides  were  selected  for 
evaluation.  Plots  (data  not  shown)  of  plasticity  index 
versus  %  clay  -r-  (%  clay  +  %  sand)  and  plasticity  index 
versus  %  smectite  -H  (%  smectite  +  %  sand)  were  made 
to  see  if  there  is  a  natural  distinction  between  "cohesive" 
and  "noncohesive"  landslides.  In  these  plots,  the  clay  or 
smectite  content  represents  the  cohesive  property  and  the 
sand  content  represents  the  noncohesive  property  of  land- 
slides. 

The  plasticity  index,  sand,  clay  and  estimated  smectite 
contents  each  varied  over  wide  ranges.  No  natural  discon- 


tinuity could  be  found  to  separate  landslides  into  cohesive 
and  noncohesive  types.  Any  such  distinctions  would  have 
to  be  purely  arbitrary. 

The  Unified  Soil  Classification  system  further  reveals 
the  widely  varying  character  of  the  66  landslide  samples 
(figure  4) .  The  data  for  some  of  these  samples  could  be 
plotted  in  each  of  the  major  portions  of  the  graph.  Land- 
slides of  the  Coast  Ranges  may  be  classed  as  CH  (clays 
of  high  plasticity),  CL  (clays  of  medium  and  low  plastic- 
ity), ML  (silts  of  medium  and  low  compressibility),  and 
even  MH  (silts  of  high  compressibility) .  Obviously,  the 
plasticity  index  (or  other  variables  related  to  cohesion 
such  as  smectite  content,  liquid  limit,  or  intercept  and 
slope  of  shear  curves)  is  of  little  use  in  the  detection  of 
slope  stability.  Likewise,  slope  stability  is  not  a  simple 
function  of  the  content  of  any  particular  clay  mineral. 

Each  of  the  clay  minerals  was  found  in  at  least  one  of 
the  66  landslide  soil  samples.  The  absence  of  any  one  of 
these  clay  minerals  would  thus  not  indicate  a  stable  soil. 
Combinations  of  clay  minerals  can  often  indicate  environ- 
ments of  formation.  Perhaps  a  unique  pair  of  clay  minerals 
could  be  found  that  doesn't  occur  in  landslides.  An  evalua- 
tion of  the  clay  mineralogical  data  in  table  2  showed  that 
all  combinations  (e.g.,  kaolinite-mica,  kaolinite-smectite, 
etc.)  were  represented  in  at  least  some  of  the  landslide 
samples.  Occasionally,  the  absence  of  a  particular  mineral 
when  another  is  present  may  indicate  genetic  information 
associated  with  the  environment  of  formation.  In  turn, 
this  may  reveal  a  sedimentary  deposit  unique  for  its  stabil- 
ity. 

Two  minerals  giving  this  possibility  are  kaolinite  and 
smectite.  Kaolinite  forms  in  soils  under  a  highly  leached, 
well-drained,  low-pH  environment.  Smectite,  on  the 
other  hand,  forms  under  a  poorly-drained,  high-pH  ehvi- 


IOUi 

■ 

60 

X 

LU     50 
Q 

2 

CH 

0 
0 

0 

0 

r  40 

9     30 

r- 

CL 

o 

\ 

oo     0 
0 

0         ^r 

O                  ^r 

<     20 
CL 

10 

O 

o 

«° 

3* 

o 

O         - 

ML 

0 
l_ 

MH 
•          1 

CL- 

ML 

o 

n 

ML 

y 

• 

Figure  4.     Unified  soil  classification  for  66 
landslide  samples. 
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ronment  (Borchardt,  1977  a).  The  landslide  soil  samples 
were  evaluated  for  pairs  of  clay  minerals  in  which  one  clay 
mineral  was  present  while  the  other  was  absent.  At  least 
one  representative  of  each  present-absent  pair  was  found 
except  for  the  pair:  kaolinite  without  smectite.  To  put  it 
another  way,  we  were  unable  to  find  a  smectite-free  kaoli- 
nitic  landslide. 

Each  of  the  28  landslide  samples  containing  kaolinite 
had  smectite  as  well.  In  addition,  10  of  these  had  no 
detectable  amounts  of  chlorite.  This  is  important  because 
the  positive  identification  of  kaolinite  in  the  presence  of 
chlorite  is  often  very  difficult  by  the  x-ray  methods  used 
here. 

Possibly,  kaolinitic  clays  that  are  free  of  smectite  would 
indicate  rather  stable  soils  and  sedimentary  rocks.  Indeed, 
this  appears  to  be  the  case  for  samples  534/72,  567/72, 
568/72,  and  31/73  (tables  1  and  2).  Each  of  these  Terti- 
ary mudstones  or  siltstones  has  been  judged  to  be  relative- 
ly stable  (Rogers  and  Armstrong,  1973;  Huffman,  1972). 
These  rocks,  however,  comprise  a  very  limited  area  in  the 
Coast  Ranges.  They  may  have  been  deposited  as  turbidites 
eroded  from  a  landmass  consisting  almost  entirely  of  gra- 
nitic rocks  from  the  west  side  of  the  San  Andreas  fault 
(Wentworth,  1968).  These  granites  had  large  amounts  of 
biotite  and  K-feldspar.  Both  minerals  weather  to  kaolinite 
under  humid  conditions.  Smectite,  on  the  other  hand, 
more  commonly  forms  from  volcanic  rocks  (Borchardt, 
1977a)  that  form  a  significant  part  of  the  Franciscan  rocks 
that  dominate  the  remainder  of  the  Coast  Ranges. 

Other  soil  samples  had  "kaolinite"  without  smectite 
(559/72,  1 1/73,  and  29/73),  but  the  presence  of  chlorite 
makes  the  identification  of  "kaolinite"  uncertain.  If  the 
need  arises,  special  methods  can  be  used  to  distinguish 
between  kaolinite  and  chlorite  (Brown,  1961).  The  obser- 
vation that  landslides  do  not  occur  in  soils  containing 
smectite-free  kaolinite  needs  further  testing. 

Summary  of  the  Clay 
Mineralogy  of  Landslides 

In  general,  smectite  dominated  the  clay  mineralogy  of 
the  66  samples  known  to  represent  landslides  of  coastal 
California  (table  6) .  Over  90  percent  of  the  samples  had 

Table  6.  Relative  abundance  of  minerals  in  clay  fractions 
extracted  from  66  landslide  samples  of  coastal  California. 

Landslides  having  the  following  amounts  of  each  mineral: 

Clay  mineral  Abundant    Moderate    Trace        None 


Smectite  ' 

60% 

18% 

14% 

8% 

Montmorillonite 

29 

15 

11 

45 

Beidellite 

39 

15 

23 

23 

Vermiculite 

11 

20 

23 

46 

Chlorite 

2 

15 

44 

39 

Kaolinite 

0 

15 

27 

58 

Mica 

0 

3 

68 

29 

Smectite  includes  beidellite  and/or  montmorillonite,  whichever  was  most  abun- 
dant. 


at  least  traces  of  smectite  with  60  percent  of  these  having 
abundant  amounts.  Among  the  smectites,  beidellite  ap- 
pears to  be  slightly  more  common  in  these  landslides  than 
montmorillonite.  This  could  be  a  result  of  the  transforma- 
tion of  beidellite  from  mica  (Borchardt,  1977a),  a  mineral 
which  was  also  found  in  over  two-thirds  of  the  landslides. 

Even  the  five  landslides  without  detectable  smectite  had 
expanding  clay,  namely  vermiculite.  Vermiculite  occurred 
in  half  of  the  samples  and  was  particularly  abundant  in  1 1 
percent  of  them.  Moderate  to  trace  amounts  of  chlorite 
were  found  in  over  60  percent  of  the  samples.  This  was 
primarily  mafic  chlorite  from  the  original  parent  rock. 
Mafic  chlorite  was  indicated  by  decreases  in  second  order 
and  increases  in  first  order  basal  spacings  as  a  result  of 
heating  samples  at  550°C.  Moreover,  there  was  very  little 
evidence  for  pedogenic  chlorite  which  can  form  in  soils  as 
a  result  of  interlayering  of  smectite  or  vermiculite. 

About  60  percent  of  the  landslide  samples  had  no  de- 
tectable kaolinite.  Traces  were  found  in  27  percent  of  the 
samples,  and  moderate  amounts  were  found  in  1 5  percent 
of  the  samples.  Neither  kaolinite  nor  mica  were  abundant 
in  any  of  the  landslides  (table  6) . 

Monitoring  Unstable  Slopes 

Smectite  and  its  cohesive  property  appears  to  be  the 
primary  determinant  of  the  rate  of  response  to  increases 
in  moisture  (figure  2) .  Poorly  drained  smectitic  soils  will 
lose  shear  strength  as  a  result  of  low  rates  of  rainfall,  while 
well-drained,  sandy  soils  will  not.  Nevertheless,  sandy 
soils  may  suddenly  lose  strength  as  a  result  of  high  rates 
of  rainfall.  Presumably,  soils  with  intermediate  character- 
istics would  respond  similarly  to  intermediate  rates  of 
rainfall. 

This  leads  to  practical  applications  concerning  warning 
systems  for  monitoring  unstable  slopes.  Campbell  (1975) 
has  suggested  that  this  is  well  within  present  technological 
capabilities.  Moisture  contents  of  soils  and  sedimentary 
rocks  could  be  continuously  monitored.  The  data  could 
then  be  applied  to  knowledge  about  the  soil-water  system 
like  that  obtained  for  plotting  shear  curves  such  as  in 
figure  1.  Soil  moisture  levels  could  be  constantly  moni- 
tored at  various  depths  of  overburden.  Warnings  could  be 
sounded  whenever  the  increase  in  moisture  content  threat- 
ened to  decrease  the  shear  strength  below  that  capable  of 
supporting  the  corresponding  overburden. 


CONCLUSIONS 

One  hundred  twenty-seven  soil  and  sedimentary  rock 
samples  were  used  to  evaluate  the  relationships  between 
various  parameters  commonly  used  to  describe  the  physi- 
cal properties  of  soils.  Specifically,  the  following  variables 
appear  directly  related  to  each  other:  liquid  limit,  plastic- 
ity index,  clay  content,  intercept  and  negative  slope  of 


1977 


Clay  Mineralogy  and  Slope  Stability 


15 


shear  strength  curves,  and  smectite  content  (montmorillo- 
nite  or  beidellite) .  Unrelated  variables  include:  plastic  lim- 
it, vermiculite,  chlorite,  kaolinite,  and  mica.  In  general, 
the  correlated  variables  all  indicate  soils  or  geologic  for- 
mations containing  smectite  and  likely  to  be  unstable. 

Sixty-six  samples  known  to  represent  landslides  had 
widely  ranging  physical  properties,  none  of  which  could 
be  used  to  distinguish  them  from  stable  slopes.  Ninety 
percent  of  the  landslides  had  smectite  which  was  particu- 


larly abundant  in  60  percent  of  them.  Although  five  land- 
slide samples  were  void  of  smectite,  they  contained 
vermiculite,  the  other  expanding  clay  mineral.  Traces  of 
nonexpanding  clay  minerals,  mica  and  chlorite,  were 
found  in  over  two-thirds  of  the  landslides.  Kaolinite, 
however,  was  not  found  in  60  percent  of  the  landslides. 

Slopes  containing  smectite-free  kaolinite  appeared  to  be 
stable.  These  were  represented  by  Tertiary  mudstones 
found  on  the  west  side  of  the  San  Andreas  fault. 
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